Abstract-Using higher frequency bands becomes an essential demand resulting from the explosive wireless traffic needs and the spectrum shortage of the currently used bands. This paper presents an overview on the terahertz technology and its application in the area of multi-input multi-output antenna system and in-vivo nano-communication. In addition, it presents a preliminary study on applying multiple input-single output (MISO) antenna technique to investigate the signal propagation and antenna diversity techniques inside the human skin tissues, which is represented by three layers: stratum corneum (SC), epidermis, and dermis layers, in the terahertz (THz) frequency range (0.8 -1.2) THz. The spatial antenna diversity is investigated in this study to understand MISO system performance for two different in-vivo channels resulting from the signal propagation between two transmitting antennas, located at the dermis layer, and one receiving antenna, located at epidermis layer. Three techniques are investigated: selection combining (SC), equal-gain combing (EGC), and maximum-ratio combining (MRC). The initial study indicates that using multiple antenna technique with THz might be not useful for in-vivo nano-communication.
I. INTRODUCTION
Multi-input multi-output (MIMO) antenna system is a method for multiplying the capacity of a radio link to exploit the multipath propagation and the spectral efficiency for a given total transmit power for the wireless communication systems. The advantages of MIMO antenna system can be maximized either by increasing the system diversity gain by applying effective diversity antenna system, or by transmitting multiple parallel data streams for increasing the spectral efficiency and data rates [1] .
The research of THz spectroscopy and imaging has gain a great importance in the past twenty years [2] . THz technology can support terabit-per-second (Tbps) links that can not be supported by technologies below 0.1 THz. Moreover, THz band will contribute to the area of macro-scale and nano-scale communication due to its very large bandwidth. Macro-scale communication applications include 5G cellular networks, terabit wireless area networks (T-WLAN), terabit wireless personal area network (T-WPAN), and secure wireless communication. Nano-scale communication will support nanoscale machines which are nano-devices that are able to perform several tasks at the nano-scale and can communicate at this very high frequency band. This feature has some great applications in health monitoring systems, nuclear and biological defenses, the Internet of nano-things, and ultra high speed on chip communication [3] . One of the practical application of THz link is the short range communications such as nanosensors and wireless personal area networks as shown in Fig. 1 [3] . Terahertz band antennas will be required to be ultra-band and multi-band to enable multi-giga bit per second and tera bit per second links in the THz band. Applying MIMO system with terahertz band will be highly recommended to overcome the very high path loss of the channel. Moreover, the very small size of the designed antenna at this frequency band enables the integration of very large number of antennas with very small footprint.
There is an increasing interest in applying THz for in-vivo communication because of its non ionizing properties, and the strong absorption of water at terahertz frequencies. The water content of a healthy skin is around 70% by weight and this makes THz frequency range particularly useful in dermatology [4] . The normal human skin tissue is represented by three main layers: stratum corneum, epidermis, and dermis (outermost to intermost). The signal path loss and radio channel model inside the human skin at terahertz frequency was proposed in [5] . Pulsed electric field propagation in a stratified media stack consists of SC, epidermis, dermis, and fat has been modeled in [6] , and losses due to spreading and molecular absorption noise temperature have been evaluated as a distance function between node pairs. The spatial antenna diversity is investigated in this study to understand MISO system performance for two different in-vivo channels resulting from the signal propagation between two transmitting antennas, located at the dermis layer, and one receiving antenna, located at the epidermis layer. The system model is simulated using the CST microwave studio by fixing the distance between the transmitting antennas and study the effect of changing the distance between the receiver antenna and the two transmitting antennas at different frequencies. As the antenna diversity can be realized in several ways, three techniques are investigated in this study: selection combining (SC), equal-gain combing (EGC), and maximum-ratio combining (MRC). Although MIMO is a method for multiplying the capacity of a radio link to exploit multipath propagation and the spectral efficiency for a given total transmit power for the wireless communication systems, the initial study indicates that multiple antenna technique might be not useful for in-vivo nano-commuinacation.
The paper is organized as follows. Section II presents an overview about using MIMO in terahertz band and its applications. In section III, a review about the existing technology of applying terahertz MIMO for biomedical applications has been presented. The study of skin layers with MISO channels and the results are presented in section IV. Finally, conclusions are given in section V.
II. MIMO ANTENNA SYSTEM IN TERAHERTZ BAND
Huge propagation loss is considered as the main problem with THz band resulting from the signal attenuation by the molecular absorption of the waves. MIMO represents a solution to improve the THz communication and provide Tbps for a few meters distance.
Recently, novel plasmonic materials such as graphene and metamaterials are used to design miniature nano antennas and nano transceivers that operate in THz band [7] , [8] . Reconfigurable MIMO graphene antenna system was designed for THz communication (1-10) THz [9] , the beam width and the direction can be controlled by each graphene patch in the antenna such that the radiation properties can be programmed dynamically. THz channel models are different than those at GHz band as the THz signal loss is resulting from the spreading loss as well as the molecular loss. MIMO systems can enhance the performance, if both the antenna size and the separation between antennas decrease. Graphenebased antennas represent a great solution to design the nanoantennas due to the graphene unique structure, wherein, electrons are able to move with minimal resistance and hence create electromagnetic wave atop the graphene layer [10] . Authors demonstrated in [10] that the graphene based YagiUda patch antennas have higher spectral efficiency than the omni-directional metallic antennas. Massive MIMO means having very large number of serving antennas that are functioning coherently and adaptively at the base station. More transmitting and receiving antennas contribute to the higher spectral efficiency. However, the antenna size and separation between the elements are the two main factors that limit the MIMO system. Massive MIMO becomes practical at the higher frequency bands because this means that the antenna design is very smaller and can be packed in a smaller area.
Massive MIMO network will also make it far more resistant to interference and intentional jamming than current systems that only utilize a handful of antennas because these antennas focus the transmission and reception in a very directed regions of space. In addition, massive MIMO overcomes the problem of very short communication at THz band due to the limited power of the compact solid state THz transceivers [11] . Per-beam synchronization (PBS) in time and frequency was applied to beam division multiple access for massive MIMO system in terahertz band for mobility scenarios. This technique overcomes the problem with the classical wireless channels as the doppler spread of these channels is large at the THz band while the delay spread does not change much over different frequencies leading to system implementation difficulties [12] . The study discussed the beam domain channel characteristics, authors showed that the channel elements are independent of time and frequency with the massive MIMO technique i.e., number of antennas at both the transmission and reception sides tends to infinity. Introduction of PMS reduces the effective delay and doppler frequency spreads compared to the ordinary synchronization schemes. This reduction depends on the number of terminal antennas [12] . Two suggested massive MIMO systems were compared in [13] : beamforming and multiplexing in the terahertz band. Although beamforming antenna technique represents a channel gain up to 55 dB at 1 THz taking into account the assumption that the THz communication channel is line of sight with no significant multipath rays [11] , it increases the system complexity and cost. Moreover, achieving a high gain at this high frequency will result in a pencil beam, which will be affected by any movement of the transmitter and receiver. In spite of the belief that MIMO systems contribute to the beam forming gain but limited multiplexing gain improvement [14] , multiplexing technique adds to the channel gain by the molecules absorption and re-radiation of the electromagnetic waves in the THz band such that it creates multi channels [3] , [15] and can add to the channel gain more significantly than the beam forming techniques in certain circumstances such as high SNR and high transmit power . However, beyond limited distance as 10 meters, the transmit power should be increased to avoid the zero capacity drop [13] .
III. TERAHERTZ MIMO FOR BIOMEDICAL APPLICATIONS
Terahertz band has great applications in biomedical area due it its unique properties as it doesn't damage the tissues because of its law energy photons, water strong absorption of THz light, and resonances in biomolecules [16] . Recently, THz proves its advantages for in-vivo applications, especially for in-vivo imaging of skin burns, melanoma, corneal pathologies, and cancer [17] , as the skin locates at the body surface thus easing the penetration and the imaging technique. Dielectric function changes have been detected for different types of tissues, and the mean reason is the water absorption changes of these tissues [18] . Terahertz molecular imaging (TMI) technique and applications were reviewed in [19] . TMI application advantage depends on the idea of safety as the energy is much lower than the ionization energy of biological molecules compared to the hazardous x-ray radiation especially when accompanied with nanoparticle contrast agent probes to increase its sensitivity to realize the contrast between the cancerous and healthy tissues [19] . Moreover, communication which based on electromagnetic waves to exchange the data between the nano-devices is a promising technique for medical applications and e-health monitoring due to the unique properties of THz that were discussed before and the emerging new technology materials like Carbon Nano Tube (CNT) and Graphene [20] , [4] , [21] , [22] . Magneto-inductive (MI) nanoscale transceivers, which based on multi-layer graphene (MLG), operating at THz were proposed in [23] as a mean of intra-body communication.
It was proven that they have some advantages such as: achieving nano-scale size, universal operation environment that not suffering from propagation medium and absorption but only coupling loss, some features compatible with the intra-body communication as bio-compatibility, and low THz resistance [23] .
IV. DIVERSITY MODELING AND SIMULATION RESULTS
The skin is a complex heterogeneous and anisotropic medium. In our skin model, the skin tissues are represented by three layers: stratum corneum (SC), epidermis, and dermis. The detailed skin model was first presented and discussed in [24] . The path loss model and the electromagnetic modeling inside the human skin at terahertz band was first proposed in [25] taking into consideration sweat ducts, frequency, and distance dependent factors. The roughness of the boundaries between the skin layers has be taken into consideration i.e., between SC and epidermis, and between epidermis and dermis layers because the used frequency ,and consequently the wavelength, and the roughness dimensions are in the same order of magnitude. The sweat duct is modeled in the epidermis layer by a helix as shown in Fig. 2 . Figure 2 represents the skin layers with the dimensions. Three ducts are simulated inside the model to increase the accuracy. For real skin tissues, the thickness of each layer differs according to the position all over the body, ranging from very thin when covering sensitive areas of the body, such as eyelids, to very thick when covering the tough areas, such as the hand palm. The skin tissue dimensions in the model were taken to be average between the skin dimensions of the sensitive areas and the tough areas.
Maxwell equations are solved throughout the skin layers by applying finite element analysis, using a commercial software CST R Microwave Studio package. The model was analyzed at a frequency range (0.8 -1.2) THz. Three dipole antennas with length 76 μm and radius 5 μm were used. One of the antennas was inserted and simulated inside the epidermis layer as a receiving antenna, while the other two antennas were inserted and simulated in the dermis layer as transmitting antennas. The distance between the two transmitting antennas is fixed to 40 μm such that the mutual coupling is below -17dB for the whole frequency band and consequently the two transmitting antennas are suitably decoupled. The distance between the receiving antenna and the two transmitting antennas is varied from 30 μm to 600 μm. A perfect matched layer (PML) was set as the boundary condition for the model as it operates like a free space and waves can pass this boundary with minimal reflections. The values of the skin dielectric layers properties used in simulation were reported by Pickwell et al. [26] , [27] and represented in Table 1 .
The diversity gain (DG) for two different in-vivo channels resulting from the signal propagation between two transmitting antennas, located at the dermis layer, and one receiving antenna, located at epidermis layer, is calculated to evaluate the system performance. Different diversity combining techniques are applied in this study: selection combining (SC), equalgain combing (EGC), and maximum-ratio combining (MRC). S-parameters magnitude and phase, which represent the input output relationship between the two channels, are extracted from the simulation software and then converted to the time domain using an Inverse Fast Fourier Transform (IFFT). Diversity combining is achieved by using the expressions given in [28] for combing the time domain signal:
where r 1 (t) and r 2 (t) are the two received branch signal envelopes. The DG is calculated by plotting the cumulative distribution functions (CDFs) of the two branch signals and the diversity-combined signals. The DG is the difference between the strongest of the two branch signals and the diversity combined signal at 10% assumed outage probability. In MRC and EGC, the two branch signals are co-phased to provide coherent signal addition using the simple technique in [28] . Although MIMO antenna systems are used in wireless communication to enhance data throughput, from the initial study it is predicted that might be multiple antenna technique is not useful in in-vivo nano communication. Results demonstrate that there is a high cross correlation between the two channels. Fig. 3 shows the CDF plot for the two channel with different diversity combining techniques used in the study. 
V. CONCLUSION
The paper presented a preliminary simulation study for using MISO technique in Terahertz band (0.8 -1.2 THz) inside the human skin tissues. The skin model consists of three layers: SC, epidermis, and dermis layers; taking into consideration, the sweat ducts effect and roughness between layers. One dipole antenna was inserted in the epidermis layer as a receiving antenna, while two dipole antennas were inserted in the dermis layer as a transmitting antenna. Spatial diversity techniques for in-vivo channels were investigated. Distance between transmitting antennas was chosen to guarantee that the mutual coupling is always below -17 dB. The distance between the Rx antenna and the two Tx antennas was varied to study the distance effect. In spite of the fact that MIMO antenna system supports enhanced data throughput even under conditions of interference, signal fading, and multipath, it might be not useful to use multiple antenna technique for invivo nano-communication. This early conclusion emphasize the difference between the in-vivo communication channels and the classical ones.
In addition, the paper presented an overview for using MIMO in THz band with applications and advantages, and using THz MIMO for in-vivo nano-communication. Still challenging research is needed for investing THz biomedical applications for the area of in-vivo communication with MIMO antenna system such that we can gain the maximum achievable channel capacity by studying the spatial correlation inside the body medium and implementing the MIMO antenna systems inside the body.
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